[calcium-independent phospholipase A 2 ␤ (iPLA 2 ␤)], which is essential for remodeling of membrane phospholipids. To clarify the pathomechanism of INAD, we pathologically analyzed the spinal cords and sciatic nerves of iPLA 2 ␤ knock-out (KO) mice, a model of INAD. At 15 weeks (preclinical stage), periodic acid-Schiff (PAS)-positive granules were frequently observed in proximal axons and the perinuclear space of large neurons, and these were strongly positive for a marker of the mitochondrial outer membrane and negative for a marker of the inner membrane. By 100 weeks (late clinical stage), PAS-positive granules and spheroids had increased significantly in the distal parts of axons, and ultrastructural examination revealed that these granules were, in fact, mitochondria with degenerative inner membranes. Collapse of mitochondria in axons was accompanied by focal disappearance of the cytoskeleton. Partial membrane loss at axon terminals was also evident, accompanied by degenerative membranes in the same areas. Imaging mass spectrometry showed a prominent increase of docosahexaenoic acidcontaining phosphatidylcholine in the gray matter, suggesting insufficient membrane remodeling in the presence of iPLA 2 ␤ deficiency. Prominent axonal degeneration in neuroaxonal dystrophy might be explained by the collapse of abnormal mitochondria after axonal transportation. Insufficient remodeling and degeneration of mitochondrial inner membranes and presynaptic membranes appear to be the cause of the neuroaxonal dystrophy in iPLA 2 ␤-KO mice.
Introduction
Infantile neuroaxonal dystrophy (INAD) is a fatal neurodegenerative disease with various neurological symptoms (Gregory et al., 2008b) . Widespread formation of axonal swellings, referred to as spheroids, and tubulovesicular structures are observed in the CNS and PNS (Cowen and Olmstead, 1963; Khateeb et al., 2006) . Gene abnormality in the PLA2G6 [calcium-independent phospholipase A 2 ␤ (iPLA 2 ␤)] gene is associated with 80% of INAD cases (Morgan et al., 2006) and is sometimes found in patients with dystonia-parkinsonism (Paisan-Ruiz et al., 2009) . The enzyme activity is impaired by the mutation associated with INAD but not in dystonia-parkinsonism (Engel et al., 2010) . Recently, iPLA 2 ␤ knock-out (KO) mice (Malik et al., 2008; Shinzawa et al., 2008) and iPLA 2 ␤ gene-mutated mice (Wada et al., 2009 ) have been reported to show progressive motor deficits, and their neuropathological changes are very similar to those of INAD, although the pathomechanism remains unknown.
iPLA 2 ␤ is a phospholipase A 2 family member that hydrolyzes the sn-2 ester bond in phospholipids, including glycerophospholipids such as phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and cardiolipin, to yield free fatty acids and lysophospholipids (Burke and Dennis, 2009 ). The functions of iPLA 2 ␤ include remodeling of membrane phospholipids (Balsinde et al., 1997), fatty acid oxidation (Strokin et al., 2003) , release of docosahexaenoic acid (DHA) and arachidonic acid (AA) (Green et al., 2008) , cell growth and signaling (Hooks and Cumming, 2008) , and cell death (Shinzawa and Tsujimoto, 2003) . In the brain of iPLA 2 ␤-deficient mice, DHA metabolism is reduced at 4 months without overt neuropathology (Basselin et al., 2010) , and an iPLA 2 ␤ inhibitor has been reported to attenuate linoleic acid (LA) incorporation of cardiolipin (CL) in rat heart (Zachman et al., 2010) . In monkey brain, iPLA 2 ␤ is localized in axon terminals and dendritic spines of neurons (Ong et al., 2005) . Although iPLA 2 ␤ also exists in various organs , no known non-neurological dysfunction has been reported in INAD (Gregory and Hayflick, 2008a) .
Mitochondria are subcellular micro-organelles that are integral to all eukaryotic cells, being responsible for metabolic and respiratory functions. Their characteristic feature is a double-membranous architecture that separates four distinct compartments: the outer membrane, intermembrane space, inner membrane, and matrix (McBride et al., 2006) . The inner membrane is highly folded into invaginations known as cristae, in which oxidative phosphorylation is catalyzed, and the phospholipids of which it is composed contain a high proportion of CL relative to that in the other membranes. The outer membrane has numerous pores for uptake and exchange of specific metabolites (McBride et al., 2006) . iPLA 2 ␤ has also been reported to exist in, and to protect, mitochondria (Seleznev et al., 2006a) .
Previously, in iPLA 2 ␤-KO mice, we demonstrated the presence of characteristic periodic acid-Schiff (PAS)-positive granules, which appeared early in apparently normal axons and later in spheroids. To clarify the pathomechanism of neuroaxonal dystrophy, we analyzed the spinal cords and sciatic nerves of iPLA 2 ␤-KO mice, especially in the context of PAS-positive granules and spheroids. First, quantitative pathological analysis, immunohistochemistry, and ultrastructural analysis were performed, and second, imaging mass spectrometry (IMS) was performed to visualize the distribution of phospholipid in membranes.
Materials and Methods
Animals. Mice with homozygous disruption of the iPLA 2 ␤ gene on a C57BL/6 background (Shinzawa et al., 2008) , aged 15 weeks (n ϭ 2, preclinical stage, one male and one female), 56 weeks (n ϭ 4, early clinical stage, four females), and 95-103 weeks (n ϭ 5, late clinical stage, two males and three females), and wild-type (WT) mice, aged 56 weeks (two males) and 95-103 weeks (one male and four females), were used. After being given an overdose of isoflurane, each animal was perfused with PBS and then 4% paraformaldehyde (PFA), followed by removal of the spinal cord and sciatic nerves. Spinal cords were immersed in the same fixative overnight at 4°C and then dehydrated and embedded in paraffin blocks. Four-micrometer-thick paraffin sections were prepared and stained with PAS. Some of the spinal cords fixed in 4% PFA were cryoprotected, and 10-m-thick frozen sections were prepared for immunohistochemistry. Small pieces of the spinal cord and sciatic nerve were fixed with 2.5% glutaraldehyde and processed to Epon blocks as described previously (Sumi et al., 2006) . Epon sections, 1 m thick, were stained with thionin and PAS. Sciatic nerves were analyzed in transverse and longitudinal views. For analysis using liquid chromatography/electrospray ionization tandem mass spectrometry (LC/ESI-MS/MS) and imaging mass spectrometry (IMS), quickly frozen spinal cords without fixation from WT and iPLA 2 ␤-KO mice aged 56 and 102 weeks were stored at Ϫ80°C. All animals were handled in accordance with the Guidelines for Animal Experimentation of Osaka University and those of the Japanese Government.
Immunohistochemistry. Deparaffinized sections were incubated for 30 min with 0.3% H 2 O 2 to quench endogenous peroxidase activity and then washed with PBS. The primary antibodies used were a mouse monoclonal antibody against cytochrome c (cyt c) oxidase subunit I (CCO) (component of complex IV, which is the terminal enzyme in the respiratory chain on the inner membrane; 1:50; Invitrogen), a rabbit polyclonal antibody against the 20 kDa translocase of the outer mitochondrial membrane (TOM20) (one of the import receptors of mitochondrial outer membrane pores; 1:100; Dako), and a mouse monoclonal antibody against 4-hydroxy-2-nonenal (4-HNE) (an oxidized secondary product that is formed when organic lipids consisting of polyunsaturated fatty acid (PUFA) receive oxidization stress; 1:100; NOF Corporation). Autoclave treatment was performed for 9 min before incubation with the antibody against 4-HNE. Fixed frozen sections were dried and washed in PBS and incubated with a mouse monoclonal antibody against cyt c (1:100; BD Pharmingen). Goat anti-rabbit and anti-mouse Ig conjugated to peroxidase-labeled dextran polymer (Dako Envisionϩ; Dako) were used as secondary antibodies. Reaction products were visualized with 3,3Ј-diaminobenzidine tetrahydrochloride (Vector Laboratories), and hematoxylin was used to counterstain the cell nuclei. The immunostain- ing patterns were compared with the PAS staining pattern, and some of the specimens were stained with PAS after the immunohistochemical staining procedures.
Quantitative pathological analysis. To study the distal parts of axons, 1-m-thick transverse Epon sections of the lumbar cord and sciatic nerves of iPLA 2 ␤-KO mice (15, 56, and 95-103 weeks), which had been stained with thionin and PAS, were examined. Video images were obtained using a digital camera connected to a microscope (oil immersion, 100ϫ objective). In the lumbar cord, five fields (100 ϫ 100 m ϫ 5) in the most posterior part of the posterior horns were examined. The numbers of PAS-positive granules, spheroids, and vacuoles exceeding 5 m in diameter were counted in each mouse. In sciatic nerves, four fields (100 ϫ 100 m ϫ 4) in the endoneurium were examined. The numbers of PAS-positive granules, myelin ovoids, and large fibers, with a diameter exceeding 7 m, were counted in each mouse. The diameters of axons were measured with the aid of image analysis software (VH-H1A5; Keyence), and the data were compared statistically between iPLA 2 ␤-KO mice aged 56 and 100 weeks by the Wilcoxon's rank sum test (Excel Toukei version 6.0; Esumi).
Ultrastructural analysis. Ultrathin sections of the spinal cord from iPLA 2 ␤-KO mice aged 15, 56, and 100 weeks were cut and stained with uranyl acetate and lead citrate and examined using a transmission electron microscope (H-7650; Hitachi High-Technologies).
Liquid chromatography/electrospray ionization tandem mass spectrometry. For LC/ESI-MS/MS, spinal cord tissue blocks were collected into glass vials for lipid extraction (ϳ10 mg for each), and total lipids were extracted by the Folch method (Folch et al., 1957) . The ESI-MS/MS analysis was performed using a 4000Q-TRAP quadrupole linear ion trap hybrid mass spectrometer (Applied Biosystems/ MDS Sciex) with an ACQUITY Ultra Performance Liquid Chromatography (Waters). A chromatographic method was developed using an ACQUITY UPLCTM BEH C18 column (2.1 ϫ 50 mm inner diameter, 0.17 m particle), fitted with an identically packed guard column (2.1 ϫ 5 mm) (Waters). The column oven was maintained at 40°C. The following gradient elution with mobile phase A (acetonitrile/methanol/water at 19:19:2 v/v/v, containing 0.1% formic acid and 0.028% ammonium) and mobile phase B (isopropanol, 0.1% formic acid, and 0.028% ammonium) was used at a flow rate of 0.4 ml/min: 0 -10 min, 5% B 3 5% B; 10 -15 min, 5% B 3 50% B; 15-20 min, 50% B 3 50% B; and 20 -25 min, 5% B.
Mass spectrometry conditions. Tandem mass spectrometry analysis was performed in both positive, for phosphatidylcholines (PCs) and phosphatidylethanolamines (PEs), and negative, for CLs, electrospray ionization mode with the following settings: for PCs and PEs, ion spray voltage, 5500 V; curtain (nitrogen), 10 arbitrary units; and collision gas (nitrogen), "high." Specific detection was performed by multiple reaction monitoring (MRM) with the following settings: dwell time, 50 ms; declustering potential, 60 V; and resolutions of Q1 and Q3, "unit." For CLs, the following settings were used: ion spray voltage, Ϫ4500 V; curtain (nitrogen), 10 arbitrary units; and collision gas (nitrogen), "high." For MRM, the following settings were used: dwell time, 50 ms; declustering potential, Ϫ80 V; and resolutions of Q1 and Q3, "unit." The characteristic fragmentation patterns of individual lipid species were determined by enhanced product ion scanning. The results were expressed as logarithmic values of the detected intensity ratio (KO/WT), i.e., log(2, Intensity KO/Intensity WT).
Imaging mass spectrometry. Tissues blocks were sectioned at a thickness of 8 m at Ϫ18°C using a cryostat (CM 3050; Leica Microsystems), as described previously (Schwartz et al., 2003; Sugiura et al., 2006) . A 2,5-dihydroxybenzoic acid (DHB) solution (40 mg/ml DHB, 20 mM potassium acetate, 70% MetOH, and 0.1% trifluoroacetic acid) was used as the matrix solution for imaging of PC in positive ion detection mode (Sugiura and Setou, 2009). 9-Aminoacridine dissolved in 70% ethanol (50 mg/ml) was used for imaging of PE. For detection of PE in negative ion detection mode, before matrix application, tissue sections were washed with 50 mM ammonium formate for 30 s to remove endogenous salts. The matrix solution was sprayed over the tissue surface using a 0.2 mm caliber nozzle airbrush (Procon Boy FWA Platinum; Mr. Hobby). Matrices were applied simultaneously to the tissue sections that were to be compared, to equalize the analyte extraction and cocrystallization conditions. IMS measurements were performed using a matrix-assisted laser desorption/ionization tandem time-of-flight (MALDI TOF/TOF)-type instrument (Ultraflex 2 TOF/TOF; Bruker Daltonics) equipped with a 355-nm Nd:YAG laser and a modified laser focusing system. Signals between mass-to-charge ratio (m/z) of 400 and 1000 were collected. Raster scans on tissue surfaces were performed automatically using FlexControl and FlexImaging 2.0 software (Bruker Daltonics). The number of laser irradiations was 200 shots for each data point. Image reconstruction was performed using FlexImaging 2.0 software. 
Results

Histochemical analysis of the spinal cord
In the spinal cord of iPLA 2 ␤-KO mice at 15 weeks (presymptomatic stage), small PAS-positive granules, 0.5-1.5 m in diameter, were frequently observed in the perinuclear space and proximal axons of anterior horn cells (Figs. 1 A, C, 2A) but were rarely seen in the white matter. Most of the anterior horn cells contained several PAS-positive granules but appeared normal in shape. Some of the anterior horn cells were swollen and filled with the granules (Fig. 1C) . Many PAS-positive granules were also observed in the cytoplasm of dorsal root ganglion cells (Fig. 1G) . In the posterior horn, few PAS-positive granules were found (Fig. 2H) . At 56 weeks (early clinical stage), swollen axons (spheroids) containing PAS-positive granules became frequent, and some of the PASpositive granules were large and irregularly shaped (Fig. 2B ). In the posterior horn, PAS-positive granules were increased in number, and spheroids filled with PAS-positive granules and small vacuoles became apparent (Fig. 2I) . At 100 weeks (late clinical stage), large spheroids with or without PAS-positive granules and large vacuoles were frequently observed in the spinal cord (Figs. 1H, 2J ). Severe degeneration of proximal axons was apparent, and many PASpositive granules were found in remaining large fibers (Fig. 2C) .
Histochemistry of the sciatic nerve
In transverse sections from control mice at 100 weeks, few myelin ovoids were found, and myelin of large fibers was often redundant. In iPLA 2 ␤-KO mice at 15 weeks, myelin splitting was frequently evident, and myelin ovoids were rare. A few PAS-positive granules were observed in large fibers (Fig. 2 K) . In longitudinal sections, focal axonal degeneration was detected around the vacuolated PAS-positive granules (Fig. 2 F) . In transverse sections of iPLA 2 ␤-KO mice at 56 weeks, large fibers were apparently decreased in number, and myelin ovoids and dark axons were evident (Fig. 2 L) . Large fibers with redundant, split, or thin myelin were frequent. PAS-positive granules were increased in both number and size. At 100 weeks, axonal degeneration had become more severe (Fig. 2M) . PAS-positive granules were observed in both large and small fibers and also in spheroids (Fig. 2G) . In longitudinal view, nodal demyelination was not evident in iPLA 2 ␤-KO mice at any age.
Progressive increase of PAS-positive granules and axonal degeneration in the distal parts of axons
In both posterior horns of the lumbar cord and sciatic nerves of iPLA 2 ␤-KO mice, the number of PAS-positive granules was very small at 15 weeks (n ϭ 2), second largest at 56 weeks (n ϭ 4), and largest at 100 weeks (n ϭ 5), with statistical significance ( p Ͻ 0.05, Wilcoxon's rank-sum test) (Fig. 3 A, D) . Spheroids in the posterior horns were significantly more frequent at 100 weeks than at 56 weeks ( p Ͻ 0.05, Wilcoxon's rank-sum test) (Fig. 3B) . In iPLA 2 ␤-KO mice, there was no significant difference in the number of vacuoles in the posterior horns at 56 and 100 weeks (Fig. 3C ). Myelin ovoids in sciatic nerves were very few at 15 weeks and were observed more frequently at 100 weeks than those at 56 weeks (Fig. 3E) . Large fibers were apparently reduced in number at 56 and 100 weeks, and their number was significantly smaller at 100 weeks than at 56 weeks ( p Ͻ 0.05, Wilcoxon's rank-sum test) (Fig. 3F ).
Immunohistochemical analysis of mitochondrial markers
At 15 weeks, the cytoplasm of swollen anterior horn cells filled with PAS-positive granules (Fig. 1A,C) was strongly positive for TOM20 in serial sections (Fig. 1B) . There were many vesicles whose rims were strongly positive for TOM20 (Fig. 1D ). PAS and immunohistochemical double staining showed that most of the PAS-positive granules in swollen anterior horn cells were strongly stained for TOM20 but negative for CCO (Fig. 1E,F) . Overall, the immunoreactivities for TOM20 and CCO in the spinal cord were not apparently reduced at 15, 56, or 100 weeks (data not shown). In iPLA 2 ␤-KO mice at 15, 56 (Fig. 2E) , and 100 weeks, many vesicles were strongly immunopositive for cytochrome c in proximal axons, but no such vesicles were observed in WT mice (Fig. 2D) .
Increase of 4-HNE in spinal cords from iPLA 2 ␤-KO mice The increase of 4-HNE was observed mainly in the white matter of the spinal cords of iPLA 2 ␤-KO mice from 15 weeks (Fig. 4C)   Figure 3 . Progressive increase of PAS-positive granules and axonal degeneration in distal parts of axons in iPLA 2 ␤-KO mice. A-C, Posterior horns; D-F, sciatic nerves. For iPLA 2 ␤-KO mice, white bars represent data at 15 weeks (n ϭ 2, mean), gray bars data at 56 weeks (n ϭ 4, mean Ϯ SD), and black bars data at 100 weeks (n ϭ 5, mean Ϯ SD). *p Ͻ 0.05, Wilcoxon's rank-sum test. A, D, In both posterior horns and sciatic nerves, PAS-positive granules are significantly more frequent at 100 weeks than at 56 weeks ( p Ͻ 0.05, Wilcoxon's rank-sum test). B, In the posterior horns, spheroids are significantly more frequent at 100 weeks than at 56 weeks ( p Ͻ 0.05, Wilcoxon's rank-sum test). C, The number of vacuoles (Ͼ5 m) in the posterior horn of iPLA 2 ␤-KO mice does not differ significantly between 56 and 100 weeks. E, The number of myelin ovoids in sciatic nerves of iPLA 2 ␤-KO mice does not differ significantly between 56 and 100 weeks. F, Large fibers in sciatic nerves are significantly fewer at 100 weeks than at 56 weeks ( p Ͻ 0.05, Wilcoxon's rank-sum test).
and became prominent with age (Fig. 4 D-G) , whereas no staining was observed in WT mice (Fig. 4 A, B) . Some of the distal parts of axons were immunopositive for 4-HNE (Fig. 4C, E, G) , and some spheroids and vacuoles were also immunostained in the anterior horns (Fig. 4 H) . However, most of the large spheroids in the posterior horns (Fig. 4G) and axons in the anterior root (Fig.  4 I) were negative for 4-HNE. The distributions of PAS-positive granules ( Fig. 1 A, C ,H, 2A-C,H-J ) were not correlated with those of 4-HNE.
Ultrastructural analysis of the anterior horn and anterior funiculus
In iPLA 2 ␤-KO mice at 15 weeks, abnormal mitochondria were frequently found in the perinuclear space of large neurons and large myelinated axons in the anterior horns (Fig. 5 A, B) but were rare in the posterior horns. The cristae were partly or almost wholly diminished, and dense granules occupied the spaces created as a result (Fig. 5A) . The structure of the cristae surrounding the granules appeared normal. Also there were many severely degenerated mitochondrion-like structures containing numerous dense granules, which were enclosed by a single membrane (Fig. 5B) . The abnormal mitochondria were 0.5-1.5 m in diameter and, in terms of size and distribution, appeared very similar to PAS-positive granules, which were observed microscopically after PAS staining. At 56 weeks, many dense granules were scattered around the collapsed abnormal mitochondria with degenerated cristae, and focal loss of axonal cytoskeletal elements was also evident in the vicinity (Fig. 5C ). Another type of mitochondrial abnormality, characterized by diffusely degenerated, branching, and tubular cristae, was frequently evident (Fig.   6 A, B) . This type of degenerated mitochondrion was observed also in the axons of the white matter. Tubulovesicular structures, similar in size to abnormal mitochondria, were also present near them in spheroids (Fig. 6C) . Collapse of the abnormal mitochondria without dense granules was also accompanied by focal disappearance of the axonal cytoskeleton (Fig. 6 D) . At 100 weeks, degenerated axons and abnormal mitochondria became more frequent. Some abnormal mitochondrion-like structures, with many dense granules enclosed by a single membrane, were accumulated on one side of the axon and appeared static (Fig. 5D) . Most of the myelinated or unmyelinated spheroids were filled with tubulovesicular structures and abnormal mitochondria with degenerated inner membranes (Fig. 6 E, F ).
Ultrastructural analysis of the posterior horn
At 15 weeks, abnormally expanded and loose presynaptic membranes containing synaptic vesicles were observed (Fig. 7A) . In some axon terminals, parts of the plasma membranes and synaptic vesicles had disappeared, accompanied by degenerative membranous structures and apparently normal mitochondria (Fig.  7B) . Tubulovesicular structures sometimes followed degenerative axons of myelinated small fibers (Fig. 7C) . After 56 weeks, vacuoles containing degenerative membranes and mitochondria were frequently evident. Irregularly shaped spheroids 3-5 m in diameter were a common feature, and these contained various amounts of dark mitochondria, numerous dense granules, degenerative membranes, and tubulovesicular structures (Fig. 5E) . Abnormal aggregations, which contained many dense granules of various sizes without limiting membranes, were also found in spheroids (Fig. 5F ). Irregularly shaped and large spheroids were also evident at the ends of degenerated small fibers (Fig. 7D) . Occasionally, large spheroids containing differing densities of tubulovesicular structures were attached to each other (Fig. 7 E, F ) . Spheroids with a lower density of tubulovesicular structures contained degenerative axoplasm and dark mitochondria (Fig. 7F ) . Newly formed abnormal mitochondria were rare in the posterior horn.
Differences in phospholipids and fatty acids between WT and KO mice demonstrated by LC/ESI-MS/MS
Among PC species, signals for one containing DHA (16:0/22:6) and one containing AA (16:0/20:4) were prominently increased, whereas one containing oleic acid (OA) (18:0/18:1) was decreased, in the spinal cords of iPLA 2 ␤-KO mice (Fig. 8 A) . Other PC species, such as PC (16:0/16:0), PC (16:0/16:1), PC (18:0/20: 4), PC (18:0/22:6), and PC (18:1/22:6), were also increased in iPLA 2 ␤-KO mice (Fig. 8 A) . Moreover, all five PE species analyzed, including PE (1-alkenyl-18:1/18:1), PE (1-alkenyl-18:0/18: 1), PE (1-alkenyl-18:0/20:4), PE (18:0/20:4), and PE (1-alkenyl-18:0p/22:6), were increased in iPLA 2 ␤-KO mice (Fig. 8 B) . PE (18:0/20:4) was the most heavily accumulated species in analyzed PEs (Fig. 8 B) . Moreover, increases in the six known major molecular species of CLs (Sparagna et al., 2005) were detected in iPLA 2 ␤-KO mice (Fig. 8C) . Among them, CL (18:2/18:2/20:4/22: 6), CL (18:0/18:2/22:6/22:6), and CL (18:2/18:2/18:2/22:6) showed large increases, and the remaining three species, CL (18:1/18:2/20:4/ 20:4), CL (18:1/18:2/18:2/22:6), and CL (18:2/20:4/20:4/20:4), showed mild increases (Fig. 8C) .
IMS of the spinal cords of iPLA 2 ␤-KO mice
By using mass spectrometry-based molecular detection, MALDI IMS can distinctly visualize the tissue distributions of various species of phospholipids that have different fatty acid compositions ). In the positive ion mode, an ion signal at m/z 844 was detected and its distribution was visualized. This signal was identified as a DHA-containing PC (diacyl-16:0/ 22:6), which was clearly increased in the gray matter of the spinal cord of iPLA 2 ␤-KO mice, especially in the posterior horn (Fig.  8 A-a) . IMS analyses also demonstrated an increase of PC containing AA (diacyl-16:0/20:4) in the posterior horn (Fig. 8 A-b) and a decrease of PC containing OA (diacyl-18:0/18:1) (Fig. 8 Ac) , a component of myelin , in the white matter. In the negative ion mode, PE containing PUFAs (diacyl-18:0/20:4) was shown to be increased in the posterior horn of iPLA 2 ␤-KO mice (Fig. 8 B-d) . These results were compatible with those of LC/ESI-MS/MS, but CLs were not detected by IMS, possibly because they were present in excessively small amounts.
Discussion
In the present study, we detected the presence of abnormal mitochondria with degenerated inner membranes from a young age in mice with KO of the group VIA phospholipase A 2 (iPLA 2 ␤) gene. The collapsed and degenerated mitochondria were accompanied by focal axonal degeneration, and the plasma membranes were also A, A proportion of the mitochondrial cristae are diminished, and dense granules occupy the resulting space. The outer membrane is morphologically preserved. B, An abnormal mitochondrion containing dense granules (arrow) and abnormal mitochondrion-like structures (arrowheads) with a single membrane enclosing many dense granules. Neurofilaments are mostly preserved. C, Dense granules are released from abnormal mitochondria with broken membranes (white arrowhead). Focal loss of the axonal cytoskeleton is evident around abnormal mitochondria with degenerated cristae (white arrows). D, Several abnormal mitochondrion-like structures have accumulated on one side of the axon. A highly degenerated axon is also evident (white arrowheads). E, Dense granules are gathered or scattered in spheroids. Small and round tubulovesicular structures contain dense granules (arrows). F, Spheroid containing three abnormal aggregates consisting of various-sized dense granules. The smallest one resembles an abnormal mitochondrion-like structure (B-D) but has no membrane around it. Scale bars, 500 nm. A, A myelinated fiber contains abnormal mitochondria, whose cristae are diffusely degenerated, tubular, and branching. Neurofilaments are mostly preserved. B, Dense granules, degenerative membranes, and tubular and branching cristae are evident in the severely degenerated mitochondria (white arrowheads). C, A swollen axon is filled with round tubulovesicular structures and similar-sized abnormal mitochondria. D, There is focal loss (white arrow) of the axonal cytoskeleton (white arrowhead) near the broken membrane of an abnormal mitochondrion. E, A myelinated axon is entirely filled with tubulovesicular structures. Abnormal mitochondria with tubular and branching cristae are also evident (white arrowheads). F, Many abnormal mitochondria and various-sized round tubulovesicular structures are evident in a large spheroid. Scale bars, 500 nm. degenerated at the axon terminals. Thus, two kinds of degenerative membranes in axons appeared to be intrinsically associated with the pathomechanism of neuroaxonal dystrophy in iPLA 2 ␤-KO mice.
In INAD, spheroids often contain PAS-positive granular material as well as membranous material (Cowen and Olmstead, 1963; Mahadevan et al., 2000) , similar to those in iPLA 2 ␤-KO mice. The PAS-positive granules in iPLA 2 ␤-KO mice were identified ultrastructurally as abnormal mitochondria with degenerated inner membranes. Absence of immunoreactivity for CCO would have been attributable to degeneration of cristae, as reported previously in mice (Kirkinezos et al., 2005) . Because PAS stains structures containing a high proportion of carbohydrate macromolecules and the dense granules in abnormal mitochondria resembled glycogen granules ultrastructurally, PAS staining of abnormal mitochondria might be attributable to glycosylated metabolites. Abnormal mitochondria with tubular and branching cristae, similar to those reported in INAD patients (Itoh et al., 1993; Mahadevan et al., 2000) , were also observed in iPLA 2 ␤-KO mice after 56 weeks. The difference in the structure of abnormal mitochondria might be explained by differences in the transport of metabolites attributable to membrane dysfunction (Sagun et al., 2005) . Abnormal mitochondria and similar-sized tubulovesicular structures were frequently colocalized in axons, suggesting that tubulovesicular structures, a pathological hallmark of INAD, might partly originate from the abnormal mitochondria.
The vulnerability of mitochondrial inner membranes in iPLA 2 ␤-KO mice might be attributable to rich production of reactive oxygen species (ROS) (McBride et al., 2006 ) and a rich content of PUFAs that can be readily peroxidized, such as LA in CL (Zhao et al., 2010) . Mitochondrial inner membranes would be easily affected because of deficiency of iPLA 2 ␤, which can hydrolyze peroxidized fatty acids to repair the membrane phospholipids oxidized by ROS, as reported previously (Zachman et al., 2010; Zhao et al., 2010) . Although the evidence of lipid peroxidation in PAS-positive granules was not obtained, the increase of CL demonstrated by LC/ESI-MS/MS suggested insufficient remodeling of mitochondrial inner membranes in iPLA 2 ␤-KO mice. Oxidation of CL leads to subsequent loss of mitochondrial membrane potential and the release of cytochrome c and other apoptotic proteins (Seleznev et al., 2006) . In fact, liver mitochondria isolated from iPLA 2 ␤-KO mice showed increased sensitivity to Ca 2ϩ overload, resulting in easy loss of membrane potential compared with those from control mice (our unpublished data). Such mitochondrial dysfunction in the cytoplasm would finally trigger cell death as a result (Tsujimoto and Shimizu, 2007; Kagan et al., 2009 ). Many swollen mitochondria, which were strongly immunopositive for cytochrome c in the proximal axons of iPLA 2 ␤-KO mice, might release cytochrome c when their membranes are broken. Ultrastructually, the axonal cytoskeleton showed focal disappearance in the proximity of collapsed abnormal mitochondria, suggesting that massive release of cytochrome c and other stress inducers such as ROS and lipid peroxide from the disrupted mitochondrial membranes would injure axons and impair neuronal function.
There have been no reported descriptions of non-neurological symptoms, laboratory findings, or pathological changes in internal organs in INAD (Cowen and Olmstead, 1963; Nardocci et al., 1999) , although dysfunction of spermatozoa (Bao et al., 2004) , a reduced insulin secretory response (Zhao et al., 2010) , and acceleration of age-related changes in bone morphology (Ramanadham et al., 2008) have been reported in adult iPLA 2 ␤-KO mice. The relatively mild phenotypes of iPLA 2 ␤ deficiency in nonneurological tissues suggest that iPLA 2 ␤ plays an especially important role in the nervous system, although it is widely distributed in various organs (Bao et al., 2004) . Mitochondria are micro-organelles integral to all types of eukaryotic cell (McBride et al., 2006) , although the lipid and protein compositions of mitochondrial membranes differ among various organs (Stepien et al., 1992) . In anterior horn cells, which have marked polarity, long axons, and extensive dendritic networks (Bäumer et al., 2010) , mitochondria must meet the high energy demands of neuronal function. Conversely, even in the same neuron, synaptic and nonsynaptic mitochondria differ in their functions and lipid components, the level of CL being higher in the latter than in the former (Kiebish et al., 2008) . Selective degeneration of nonsynaptic mitochondria in large neurons of the spinal cord in iPLA 2 ␤-KO mice might be associated with the individual characteristics of mitochondria unique to each functional type of cell. Degenerative membranous or vesicular structures (white arrow) and apparently normal mitochondria are evident. C, The tubulovesicular structures are followed by a degenerative axon containing dark mitochondria in a myelinated small fiber. The inset is a high-magnification view of the white square, which shows tubulovesicular structures and mitochondria containing dense granules. D, A large and irregular spheroid (white arrowheads), containing tubulovesicular structures, degenerative membranes, and mitochondria, has formed at the axon terminal of a degenerated small fiber. E, A large spheroid contains tubulovesicular structures of various densities. F, High-magnification view of the white square in E. Two types of tubulovesicular structures are attached to each other. The top one shows a high density of tubulovesicular structures, whereas the bottom one has a low density of tubulovesicular structures and contains mitochondria. Scale bars, 500 nm.
Neuronal mitochondria are transported by axonal flow, connecting to kinesin motor protein with mitofustin 2 on the outer membrane (Misko et al., 2010) . Because abnormal mitochondria with degenerated inner membranes were evident in the cytoplasm and proximal axons from an early stage and became significantly more frequent in the distal parts of axons later, they appeared to move to the distal portions very slowly. Prominent degeneration of axons and less marked degeneration of the neuronal cytoplasm in neuroaxonal dystrophy (Cowen and Olmstead, 1963) could be explained by the collapse of abnormal mitochondria in axons after being transported within the cell. However, apparently normal mitochondria were observed at degenerated axon terminals, suggesting that the membranes of axon terminals would also be affected by iPLA 2 ␤ deficiency, regardless of any mitochondrial dysfunction.
iPLA 2 ␤ shows differences in enzymatic specificity for certain fatty acids. The specific activity of iPLA 2 ␤ with LA (18:2n-6), palmitic acid (16:0), OA (18:1n-9), and AA (20:4n-6) esterified at the sn-2 position is 10.0, 4.3, 3.0, and 2.0 mol ⅐ min Ϫ1 ⅐ mg Ϫ1 protein, respectively (Green et al., 2008) , suggesting iPLA 2 ␤ selectivity for LA. Conversely, the net rate of LA release from brain phospholipids, including CLs, is at least five times lower than that of DHA (22:6n-3) from PC (Green et al., 2008) , suggesting the importance of iPLA 2 ␤ for enzymatic release of DHA from PC within the brain. IMS demonstrated a prominent increase of DHA-containing PC in the gray matter, especially the posterior horn, which would have resulted from compensatory production of phospholipids in a background of membrane degeneration and lack of acyl decomposition in PC attributable to iPLA 2 ␤ deficiency (Basselin et al., 2010) . DHA is one of the important PUFAs (Green et al., 2008) , possessing double-or triple-bond carbon chains and accounting for the water solubility and liquefaction of membranes (Stillwell and Wassell, 2003) . Therefore, an excessive DHA content resulting from iPLA 2 ␤ deficiency might cause abnormal expansion and degeneration of membranes. Ultrastructurally, the mitochondrial and presynaptic membranes, both of which contain PC with DHA (Omoi et al., 2006; Mitchell et al., 2007) , were affected, and tubulovesicular structures were formed in the middle and ends of axons. The vulnerability of mitochondrial and presynaptic membranes might be explained by the selective localization of iPLA 2 ␤ in mitochondria (Seleznev et al., 2006) and synapses (Ong et al., 2005 ).
An age-dependent increase of 4-HNE was demonstrated in the axons and white matter of the spinal cord in iPLA 2 ␤-KO mice. 4-HNE is considered to be an oxidized secondary product of lipids including CL (Liu et al., 2011) and would reflect mitochondrial dysfunction (Roede and Jones, 2010) . Because CL was increased approximately threefold in iPLA 2 ␤-KO mice and the distribution of 4-HNE was not correlated with increased PCs with Figure 8 . Quantitative lipid profiling of spinal cords from iPLA 2 ␤-KO mice and wild-type mice. In the graphs (A-C), relative abundances of PCs (A), PEs (B), and CLs (C) in iPLA 2 ␤-KO mice at 56 weeks, which were quantified by liquid chromatography/ electrospray ionization tandem mass spectrometry in multiple reaction monitoring mode, are shown by bars, respectively. The vertical axis represents the logarithmic value of the detected intensity ratio (KO/WT), i.e., log(2, Intensity KO/Intensity WT). The bar with a positive value indicates an increase in the KO, whereas one with a negative value indicates a reduction. Blue bars represent PC species containing saturated or monounsaturated fatty acids, orange bars those containing DHA, and red bars those containing AA. In the figures (a-d) , the distributions of lipid species that showed notable differences between KO mice and WT mice at 102 weeks are demonstrated by matrix-assisted laser desorption/ionization-imaging mass spectrometry. A-a, Among PC species, one containing DHA is prominently increased in the gray matter of a KO mouse, especially in the posterior horn (arrows), compared with a WT mouse. A-b, A PC species containing AA is accumulated in the posterior horn of a KO mouse (arrows). A-c, A myelin constituting PC species, one containing OA, is decreased in the white matter region of a KO mouse (arrows). B, All five analyzed PE species were increased in the KO spinal cord, and the most accumulated species was prominently found in the posterior horn of a KO mouse (arrows in d). C, Six of the seven CL molecular species analyzed were increased.
DHA or AA, the accumulation of 4-HNE would be related to insufficient remodeling and degeneration of the mitochondrial membrane, which was ultrastructurally prominent in axons of the white matter. The fact that the distribution of 4-HNE was inconsistent with that of PAS-positive granules, which were identical to abnormal mitochondria containing dense granules, and the distal parts of axons were positive for 4-HNE suggested that 4-HNE might be accumulated in the distal part of degenerated axons that lacked axonal flow for transport of PAS-positive granules and that 4-HNE might not be massively produced until the mitochondrial double membranes had been disrupted. The presence of 4-HNE in axons might also aggravate axonal degeneration by attacking targets within the cell and expanding into the extracellular space (Roede and Jones, 2010) .
In conclusion, neuroaxonal dystrophy in iPLA 2 ␤ deficiency is thought to be caused by two types of pathomechanism, which are associated with insufficient remodeling of the mitochondrial inner membrane and presynaptic membrane of axon terminals. The former mechanism results in insufficient remodeling of the mitochondrial inner membrane, anterograde transport (Fig. 9A1) , and collapse of abnormal mitochondria with membrane degeneration in the middle of axons (Fig.  9A2) . The latter mechanism results in insufficient remodeling and degeneration of presynaptic membranes at axon terminals (Fig. 9B) . Although mitochondrial inner membranes and presynaptic membranes differ from each other, the degeneration of both finally results in the appearance of tubulovesicular structures. Spheroids containing different densities of tubulovesicular structures might originate from the two different types of membrane (Fig.  9B4,B5 ), i.e., those in transported mitochondria and those in presynapses. Our findings provide new insight into the pathomechanisms of neuroaxonal dystrophy in iPLA 2 ␤ deficiency and confirm the pathological importance of tubulovesicular structures as a marker of INAD. Figure 9 . Schematic representation of the hypothetical pathomechanism of neuroaxonal dystrophy in iPLA 2 ␤-KO mice. A, Neuronal cytoplasm and proximal axon; B, axon terminal. A1, PAS-positive granules (purple color), which are indistinguishable from abnormal mitochondria, are anterogradely transported from the cytoplasm to the axon (blue color). A2, When abnormal mitochondria collapse, release of cyt c and ROS induces spheroid formation in the middle of the axon. The photograph shows an abnormal mitochondrion containing tubulovesicular and normal cristae at 56 weeks. The square in the photo is a highmagnification view of the white square. B1, Normal axon terminal with synaptic vesicles (yellow color). B2, The presynaptic membrane is abnormally expanded. B3, The presynaptic membrane and synaptic vesicles have disappeared, and degenerative membranes (purple color) are evident in the corresponding area. B4, A spheroid (pink color) with tubulovesicular structures has formed at the axon terminal. B5, Two types of tubulovesicular structures are attached to each other at the axon terminal. The distal one (pink color) shows a high density and the proximal one (blue color) a low density of tubulovesicular structures and PAS-positive granules. The photographs in the squares show two types of tubulovesicular structures observed at 100 weeks. The proximal tubulovesicular structure is followed by a swollen axon.
